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A B S T R A C T
Four Pd-Cu-based (2:1 wt.%) catalysts for water denitration, diﬀering in physico-chemical characteristics and
structural quality, were prepared, using carbon nanotubes (CNTs) as supports. The extent of lattice defects in the
pristine CNTs turned out to govern resulting varieties of Pd nanoparticle size and the composition of the bi-
metallic (Pd:Cu) entities in the catalysts, playing an important role in nitrate reduction. Catalyst samples
characterized by close proximity of Pd and Cu, as in an alloy, displayed the highest degree of nitrate conversion.
At the same time, the size of the Pd particles, alone, or decorated to diﬀerent extents with Cu atoms, was found to
be critical for the second step of denitration reaction, directing the formed nitrite to either N2 or NH3. Water
denitration is a structure sensitive reaction related to Pd particle size, and this eﬀect is further emphasized in the
decoration of the particle by the incorporation of Cu atoms into Pd particle corners and edges.
1. Introduction
The global drive towards sustainability requires ongoing scientiﬁc
eﬀorts in all aspects of modern society, including the production of safe
drugs, renewable fuels, new materials and environmental protection.
Transitioning from noncatalytic to catalytic reactions is one way in
which chemical processes might come to justify the label sustainable
[1]; and the synthesis of new eﬃcient catalysts is the essence of such
research. Nanosized catalysts have become a focus of interest because it
is possible to tailor the size and shape of metal nanoparticles, and
consequently alter catalyst performance and adjust it to various appli-
cations. The preparation of appropriate nanocatalysts requires the se-
lection of supports that enable the maximum dispersion and stability of
metal nanoparticles on their surfaces. The most common supports used
for the deposition of mono- or bi-metallic active phases are oxides,
zeolites and diﬀerent types of carbon materials [2]. The use of carbon
nanotubes (CNTs) as catalyst supporting materials started not long after
their discovery in 1991. It has been reported that both single and
multiwalled CNTs are highly eﬀective in stabilizing small metal clusters
and creating catalysts with improved activity [3]. The strong metal-
anchoring ability of nanotubes has been recognized as the mechanism
enabling uniform deposition of metal nanoparticles [4]. Diﬀerent types
of defects and functional groups attached to CNT surfaces have been
proposed as the main anchoring sites for metal nanoparticles [5,6].
Many authors agree that greater numbers of oxygen surface functional
groups facilitate higher metal dispersion. On the other hand, there is
the opinion that functional groups are not the anchoring sites for metal
particles, but rather contribute to a better wetting, and therefore a
better dispersion in the aqueous metal precursor phase [7,8].
CNT-based nanocatalysts have already been utilized in numerous
reactions, the majority of them having environmental signiﬁcance. The
presence of nitrates in surface and ground water due to fertilizer abuse
is a major environmental issue, as nitrate ions are potentially harmful to
human health. The European Commission has established maximum
allowable concentrations in drinking water for nitrates (50 ppm), as
well as for nitrites (0.5 ppm) and ammonium (0.5 ppm) as their re-
spective intermediates and by-products [9]. Although biological and
physico-chemical methods for nitrate removal have been developed,
catalytic denitration is still under study because of its economic and
ecological beneﬁts [10–12]. Since the pioneering work of Vorlop and
Tacke in 1989 [13], various bimetallic catalytic systems, consisting of a
precious metal (Pd, Pt and Rh) and a promoting transition metal (Cu,
Ni, Fe, Sn and In), have been widely tested with the aim of discovering a
highly eﬃcient active phase with satisfactory activity and nitrite and
ammonium selectivity. Among them, the Pd-Cu active phase has been
highlighted in many reports as the most eﬀective system, but as still
inadequate in terms of its selectivity to nitrogen [14,15]. The catalytic
reduction of nitrate is generally accepted to be a stepwise reaction. The
https://doi.org/10.1016/j.apcata.2018.04.032
Received 14 March 2018; Received in revised form 17 April 2018; Accepted 24 April 2018
⁎ Corresponding author at: Faculty of Technology, University of Novi Sad, Bulevar cara Lazara 1, Novi Sad, Serbia.
E-mail address: sanjar@tf.uns.ac.rs (S. Panic).
Applied Catalysis A, General 559 (2018) 187–194
Available online 25 April 2018
0926-860X/ © 2018 Elsevier B.V. All rights reserved.
T
presence of Cu in the catalyst allows the conversion of nitrate to nitrite,
while the further reduction of nitrite to nitrogen or ammonium occurs
mainly on Pd active sites [16–18]. Besides being characterized by a
high potential for hydrogen chemisorption, Pd has a pronounced eﬀect
of hydrogen spillover on Cu, enabling its regeneration, and conse-
quently the conversion of nitrate to nitrite. Therefore, it is essential that
these two metals are in close contact, which can be achieved either by
applying an appropriate preparation method (Pd/Cu atomic ratio) or
using a suitable catalyst support [19–21].
In the present work, four bimetallic (Pd-Cu) catalysts supported on
pristine CNTs of diﬀerent structural quality were used in the liquid-
phase catalytic reduction of nitrate. According to the literature review,
in most of the research studies dealing with CNT-based catalysts the
functionalization of the tubes was a prerequisite step in the catalyst
preparation procedure. The application of chemically unmodiﬁed tubes
has not received suﬃcient attention regardless of their initially dif-
ferent structural properties. That is to say, functionalization processes,
requiring the application of strong acids, may be understood as sub-
stitutes for the formation of anchoring sites, (i.e. defects), by means of
tube preparation procedures using various catalysts. In this regard, the
aim of this work was to synthesize Pd-Cu nanocatalysts using pristine
CNTs of diﬀerent structural quality, evaluate the inﬂuence of their
surface chemistry on the metal active phase characteristics, and then
test the performances of the prepared catalysts in water denitration
reactions. The dependence of catalytic performance on the size and
chemical composition of metal nanoparticles was also examined, em-
phasizing their impact on nitrite and ammonium selectivity.
2. Experimental
2.1. Synthesis of bimetallic Pd-Cu catalysts with MWCNTs as a support
The bimetallic Pd-Cu/CNT catalysts used in the study were syn-
thesized at room temperature by wet coimpregnation from aqueous
solutions of the corresponding metal precursors, PdCl2 (Alfa Aesar
GmbH & CoKG, Germany) and Cu(NO3)2·3H2O (Centrohem, Serbia),
aiming at nominal concentrations of 2 wt.% Pd and 1wt.% Cu on re-
lated CNTs. The catalyst suspensions obtained were treated in an ul-
trasonic bath for 3 h, followed by vacuum evaporation in a rotary va-
pour apparatus, and overnight drying at 110 °C. The Pd-Cu/CNT
catalysts were heat treated for 1 h in a nitrogen ﬂow (110ml/min) at
250 °C and then reduced at 150 °C for 3 h in a hydrogen ﬂow (110ml/
min). The heat treatment in a nitrogen ﬂow was selected in order to
completely preserve the structure of the CNTs, while the selection of the
appropriate temperatures was supported by the well known high po-
tential of Pd for hydrogen chemisorption even at lower temperatures.
Also, the reduction of the formed Cu oxides is usually promoted by the
presence of Pd, lowering the required reduction temperature of the
bimetallic catalysts compared to the pure CuO, as well as the supported
monometallic one [22,23]. The similar conditions for the heat treat-
ment of Pd-Cu/CNT catalysts can be found in the literature [24,25].
EDS analysis was performed to examine the metals present in the cat-
alyst samples, both qualitatively and quantitatively. The results of the
elemental analysis indicated that the catalyst samples had both metals
loading close to their nominal values (Table 1).
Multi-walled carbon nanotubes (MWCNTs) used as supports for the
preparation of bimetallic Pd-Cu catalysts for water denitration had been
synthesized previously [26]. Brieﬂy, the synthesis of the MWCNTs was
carried out in a home-made reactor setup, at 700 °C, using ethylene as
the carbon source [27,28], and four diﬀerent catalysts having either Co
or Mo next to Fe in the active phase, supported on Al2O3 or MgO. All
four MWCNT products, puriﬁed of catalyst remains, represent dense
networks without any traces of amorphous carbon and catalyst remains
[26]. Their morphological, textural and structural properties, as re-
presented by the extent of their lattice defects, and their diﬀerent
structures and dispersion, depended primarily on the catalyst used.
Thus, the nanotubes synthesized over MgO-supported catalysts were
characterized by narrower outer diameter distribution proﬁles, com-
pared to their Al2O3-originated counterparts. Likewise, higher values of
speciﬁc surface area and pore volume, as well as lower values of pore
diameter, were found in Al2O3-originated nanotubes. Crystalline
quality and inclination to defect points formation in the growing na-
notubes were dependent on the character of the second metal sitting
next to Fe. Thus the presence of Co in the active phase resulted in CNTs
with a high number of lattice defects, reaching the highest defect
density in the CNT series for the Al2O3-originated nanotubes. Mo-
lybdenum, however, results in the production of nanotubes with en-
tirely diﬀerent crystalline qualities regardless of the catalyst support (A-
lumina or M-agnesia) used. Mo stabilizes Fe, enabling the growth of
CNTs with no, or minor numbers of lattice defects. Likewise, Mo has a
positive inﬂuence on multilayer graphitic structure, preventing its de-
terioration. The eﬀect was enhanced when magnesia was used as the
catalyst support (Table 1) [26].
As the Pd/Cu loading was equal for all the synthesized denitration
catalysts, and they diﬀered only in the properties of their applied
supports (CNTs), the labeling procedure follows the preparation history
of the corresponding CNTs, including their supports (A or M) and the
second metal (Co or Mo) present in the Fe-active phase of their grown-
catalysts: Pd-Cu/CNTACo, Pd-Cu/CNTAMo, Pd-Cu/CNTMCo and Pd-Cu/
CNTMMo (Table 1).
2.2. Test reaction – catalytic denitration
Catalyst performances were tested for denitration reaction in a
water model system, in a semi-batch reactor equipped with a magnetic
stirrer [29]. The applied experimental conditions are shown in Table 2.
The test reaction procedure was performed as follows:
The previously reduced catalyst, weighing 300mg, was fed into the
reactor containing the prescribed volume of demineralized water,
under constant stirring. In order to remove the oxygen present, nitrogen
(110ml/min) was passed through the reaction mixture for 15min,
followed by a gaseous mixture of hydrogen and carbon-dioxide
(220ml/min ﬂow rate, 1:1) saturation for 30min, the CO2 acting as a
pH buﬀer (pH=6). Subsequently, an appropriate volume of NaNO3
(Centrohem, Serbia) solution was added to the catalyst-water suspen-
sion in order to achieve an initial NO3 concentration equal to 100 ppm,
this indicating zero time for the reaction. Samples from the reactor were
taken at deﬁned time periods, in a careful manner, to avoid extracting
catalyst particles. Although, this kind of sampling procedure does not
ensure the preservation of the catalyst loading, it can be assumed that
the loading is only slightly changed due to a very small volume of the
taken samples in relation to the water model system volume. Nitrate,
nitrite and ammonium concentrations were assessed by UV-VIS spec-
trophotometry (Cecil Instruments 2021), and also using Lovibond
ChecKit reagents (Tintometer GmbH, Germany) for colour change
chemical reactions.
2.3. Characterization of Pd-Cu/CNT catalysts
The morphology of Pd-Cu/CNT denitration catalysts was examined
by transmission electron microscopy (FEI TECNAI G2 20X-TWIN
Transmission Electron Microscope) (TEM). X-ray diﬀraction (XRD)
measurements were performed on a Rigaku Miniﬂex 600 (CuKα ra-
diation λ =0.15406 nm) using a counting step of 0.3˚ and a counting
time per step of 3 s. The average diameters of crystallites were derived
using the Scherrer equation. Raman spectra of the samples were ob-
tained using a DXR Raman Microscope with a diode-pumped solid state
laser (DPSS), wavelength λ =532 nm. The laser was coupled with CCD
camera as a detector, full range grating (900 lines/mm), 10x micro-
scope objectives and OMNIC software for collecting and analyzing the
spectra. All the samples were exposed to the radiation of the laser with
power of 9mW, six times for 30 s.
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3. Results and discussion
3.1. Characterization of Pd-Cu/CNT catalysts
The morphology and size of bimetallic Pd-Cu and monometallic
nanoparticles deposited on the carbon nanotubes were investigated by
TEM, and representative images accompanied by corresponding histo-
grams of metal particle size distribution are shown in Fig. 1. The mi-
croscopy images show the presence of well-deﬁned nanoparticles,
predominantly of round shape, dispersed on the external surface of
nanotubes. Unsupported standalone particles were not observed in any
of the catalysts examined. As can be seen from Fig. 1a–d, the Pd-Cu
active phase in the Pd-Cu/CNTACo catalyst sample exhibits a more
homogeneous distribution and a higher concentration of nanoparticles,
compared to other catalysts. According to the corresponding histo-
grams, all samples can be characterized by metal particle size dis-
tribution in the range of 2–30 nm, with a proﬁle maximum at around
14, 15, 20 and 13 nm for the Pd-Cu/CNTACo, Pd-Cu/CNTMCo, Pd-Cu/
CNTAMo and Pd-Cu/CNTMMo samples respectively (Table 1). Further-
more, the TEM images of the Pd-Cu/CNTACo and Pd-Cu/CNTMCo sam-
ples (Fig. 1a and b) reveal the existence of a certain proportion of
smaller diameter nanoparticles, while the majority of large ones display
a characteristic shape with clearly visible edges and terraces (marked
by arrows). In the case of the Pd-Cu/CNTAMo and Pd-Cu/CNTMMo cat-
alyst samples, a slight broadening of the particle size distribution oc-
curs, relative to the previously mentioned catalysts. As well as having
the smallest average metal particle diameter, the Pd-Cu/CNTMMo cat-
alyst sample diﬀers from the others in its heterogeneous metal dis-
tribution – it being only a partial covering of the nanotube’s external
surface.
Fig. 2 shows the XRD patterns of the Pd-Cu/CNT catalyst samples
examined, displaying characteristic peaks for Pd and/or Cu, both with a
face-centered cubic structure, as well as characteristic CNT patterns. In
the case the of Pd-Cu/CNTACo and Pd-Cu/CNTMCo catalyst samples, Pd
diﬀraction lines appear at 2Θ values of 39.9˚ (111), 46.4˚ (200) and
67.7˚ (220), having a cubic lattice parameter of 0.391 nm (COD data-
base code: 1011110, Reference code 96-101-1111). The peaks located
at 2Θ values of 42.9˚ (111), 50.0˚ (200) and 73.4˚ (220) can be attrib-
uted to the metallic copper (COD database code: 1011110, Reference
code 96-901-3018). Since no shifting of these signals was noticed, it can
be suggested that the Pd-Cu/CNTACo and Pd-Cu/CNTMCo catalyst sam-
ples consist of individual monometallic nanoparticles and/or bimetallic
ones with predominant monometallic phases of either Pd or Cu. The
average crystallite sizes of Pd and Cu were 12.8 nm and 7.3 nm, re-
spectively, for the Pd-Cu/CNTACo catalyst, while the Pd-Cu/CNTMCo
sample is characterized by slightly larger Pd (13.4 nm) and smaller Cu
(5.5 nm) crystals (Table 1). The XRD pattern of the Pd-Cu/CNTAMo
catalyst reveals the existence of three peaks shifted 0.3˚ to higher values
than those characteristic of Pd, with an average nanoparticle size of
17.6 nm. Speciﬁc Cu phase reﬂections were not detected, and so the
shifted Pd reﬂections might be attributed to lattice contraction caused
by Cu atoms being incorporated into the framework of Pd particles, to
produce Pd-Cu ensembles [12]. The value determined for the Pd lattice
parameter (0.388 nm) is smaller than the theoretical one (COD data-
base code: 1011110, Reference code 96-101-1111), which supports the
previous assumption. The phenomenon of chemically disordered na-
noalloy formation can be explained by the Hume-Rothery rule [30,31],
which posits the possibility of complete or partial solubility for two
metals having similar crystal structures, identical valences and with a
relative diﬀerence of less than 15% in their atomic radii. This is pre-
cisely the case for Pd and Cu with atomic radii of 0.137 nm [32] and
0.128 nm [33], respectively. This permits the Cu atoms to penetrate the
Pd lattice, and this reduces the lattice symmetry. Even though the ap-
plied Pd/Cu loading should guarantee almost equal Pd:Cu atomic ratios
in all the catalyst samples, in the case of the Pd-Cu/CNTAMo sample, the
average composition, derived from the calculated lattice parameter, by
applying Vegard’s law [34], was 90.6 at.% Pd and 9.4 at.% Cu
(Table 1). This means the face-centered cubic crystal structure of the Pd
was only partly decorated with Cu atoms, and suggests the presence of a
certain amount of Cu as an amorphous phase. Based on the reﬂections
at 2Θ values, of 42.7˚ (110), 62˚ (200) and 78.3˚ (211) (COD database
code: 9008813, Reference code 96-900-8814), an ordered Cu1.00Pd1.00
nanoalloy was identiﬁed in the Pd-Cu/CNTMMo catalyst, with an
average particle size of 14.01 nm. Taking into account the applied
calcination temperature, Pd-Cu alloying was quite feasible [35,36], and
this was additionally comforted by the small extent of structural defects
in the particular CNTs used as support for this catalyst (see Chapter 2.1)
[5]. Next to the alloy, an individual Pd metallic phase was also re-
cognized in the form of small nanoparticles (average diameter 7.3 nm)
in the same sample (Table 1).
The results of Raman analysis of the Pd-Cu/CNTs catalysts, pre-
sented in Table 3 as net Raman parameter diﬀerences relative to the
equivalent nanotubes [26], testify to the quality changes caused by the
introduction of the Pd-Cu nanoparticles. Namely, changes in the ratios
of ID/IG (density of defects), I2D/IG (crystallinity degree), as well as I2D/
Table 1
CNT support properties, phases structures and metal particle sizes for the Pd-Cu/CNT catalyst samples for water denitration.
Catalyst samples
Properties Pd-Cu/CNTACo Pd-Cu/CNTMCo Pd-Cu/CNTAMo Pd-Cu/CNTMMo
CNT properties High degree of lattice
defects
High degree of lattice
defects
Low degree of lattice defects Minor lattice defects
Average particle size by TEM, nm (dispersion, %) 14 (7.7) 15 (7.2) 20 (5.4) 13 (8.3)
Pd (Cu) loading by EDS, wt.% 2.1 (1.4) 2.0 (1.1) 2.2 (1.2) 1.8 (1.1)
Active metals interaction type Based on
XRD
Two separated metals
(Pd, Cu)
Two separated metals
(Pd, Cu)
Cu incorporated into the Pd
lattice
Pd/Cu alloy + Pd
Pd particle size, nm (dispersion, %) 12.8 (8.7) 13.4 (8.3) 17.6 (6.3) 7.3 (15.2)
Cu particle size, nm (dispersion, %) 7.3 (14.2) 5.5 (18.8) – –
Pd-Cu alloy particle size, nm (dispersion, %) – – – 14.0 (7.7)
Pd:Cu atomic ratio in alloy (based on lattice
parameter)
– – 90.6 at.% Pd + 9.4 at.% Cu 50 at.% Pd+ 50 at.% Cu
Table 2
Catalytic denitration experimental conditions.
Reaction temperature (ºC) 25
Reaction pressure (bar) 1
Initial NO3− concentration (ppm) 100
Catalyst weight (mg) 300
Water model system volume (ml) 700
Hydrogen ﬂow rate (ml/min) 110
H2/CO2 ﬂow rate ratio 1
pH 6
Stirring speed (rpm) 650
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ID (total structural quality) are undoubtedly the consequence of nano-
particle attachment to defect sites, on or within MWCNT surfaces [37].
Thus, the Pd-Cu/CNTMMo catalyst shows the least amount of structural
change, due to the high quality of the related CNT support exhibited as
its lowest defect density (Table 1) [26]. Since surface defects have been
considered as the main anchoring sites for metal nanoparticles [5,38], it
can be assumed that the process of catalyst active-site genesis and
evolution was preceded by the metals’ increased mobility over the CNT
surface. Subsequently, weak metal-support interaction has led to the
alloy formation and the heterogeneous distribution of the nanoparticles
(as conﬁrmed by XRD and TEM), without any signiﬁcant deterioration
in the nanotube structure. On the other hand, the active phase in-
corporation process had the greatest impact on CNT quality during the
Pd-Cu/CNTAMo catalyst preparation. As conﬁrmed by XRD and TEM,
this sample contains the largest metal crystallites, probably built up
from smaller species, susceptible to agglomeration because of the in-
adequate anchoring oﬀered by the few defect sites in the related CNTs.
In the growing process, the metal particles ﬁnally reach a size where
Pd-C interaction is intensiﬁed, causing the prevalent structural changes
in return. This fact is supported by the additional peak in the Raman
spectra of the same Pd-Cu/CNTAMo sample, located at 633 cm−1, which
is caused by Pd–C bond vibrations on the surface of the CNTs [39]
(Fig. 3). For the other two samples, Pd-Cu/CNTACo and Pd-Cu/CNTMCo,
a moderate deterioration of the CNT network has occurred. As in the
previous case, this is also governed, to some extent, by the size of the
metal nanoparticles formed (especially the fraction of larger ones) and
Fig. 1. TEM images (with the corresponding particle size histograms) of Pd-Cu nanoparticles in catalyst samples: a) Pd-Cu/CNTACo; b) Pd-Cu/CNTMCo; c) Pd-Cu/
CNTAMo and d) Pd-Cu/CNTMMo.
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their distribution over the CNT surface. In general, it can be assumed
that the size of metal crystallites is increased by the decrease of defect
site population on the CNTs, until their reduced amount enables the
formation of an ordered nanoalloy. In the particular case of Pd-Cu/
CNTMMo sample, characterized by the weakest metal-support interac-
tion among the synthesized catalysts, the increased mobility and sus-
ceptibility of both metals towards the formation of ordered Cu1.00Pd1.00
nanoalloy have initiated the redistribution of the active phase. Conse-
quently, the resulting size of the alloy nanoparticles, grown next to the
Pd individual metal crystallites, does not follow the trend governed by
the extent of structural defects in the CNTs. Considering the pristine
CNTs, a certain low level of structural defects can be designated as the
critical one in terms of the speciﬁc (atypical) behavior of Pd-Cu active
phase, aﬀecting the size and composition of the formed metal crystal-
lites.
3.2. Catalytic tests
Prior to catalytic examinations, all the synthesized Pd-Cu/CNT
catalysts were checked for nitrate reduction by performing blank tests
without H2 as a reducing agent. The absence of products from both
steps of the consecutive reaction proved that there was no reduction
capacity.
The nitrate reduction activity of the catalysts tested is expressed as
the remaining content of nitrate ions (ppm) in the system, as a function
of reaction time. The proportion of nitrate ion conversion was calcu-
lated from the following expression:
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where −n NO( )i 3 (mmol) and −n NO( )3 (mmol) have the same meaning as
in Eq. (1), and n N( )2 (mmol), −n NO( )2 (mmol) and +n NH( )4 (mmol) are
the amounts of the respective species at time t. The quantity of nitrogen
was determined as the diﬀerence between the total number of con-
verted nitrate ions and the sum total of the resulting ammonia and
nitrite ions assuming the corresponding stoichiometric ratio. The cal-
culation assumes no NOX formation other than −NO2 . Catalytic perfor-
mances, presented as individual concentration values with time-on-
stream, are shown in Fig. 4, and values for nitrate conversion and ap-
propriate selectivities at the end of the reaction are summarized in
Table 4. TOF values were calculated based on dispersion results from
TEM and according to the following expression:
=
⋅ ⋅
⋅ ⋅
− −
−TOF n NO t NO M
m w dispersion
( )/ X( )
(%)
(min )i active metal
catalyst active phase
3 3 1
(5)
where −n NO( )i 3 (mmol) has the same meaning as in Eq. (1), t (min) is
the total reaction time (240min), X(NO3―) (%) is the nitrate conversion
at the end of the reaction, Mactive metal (g/mmol) is the molar mass of the
catalyst active phase, mcatalyst is the catalyst weight (g), while the wactive
phase is the catalyst active phase weight fraction.
According to the results presented in Fig. 4a, all four catalysts
showed satisfactory activity for the chosen reaction time window, as
concentrations of nitrate ions were below 50 ppm, the limit deﬁned by
the European Commission drinking water regulations. On the other
hand, all ammonium values exceeded the maximum allowable con-
centration (0.5 ppm). The nitrite values obtained were at an acceptable
level (< 0.5 ppm) for all tested catalysts. The data given in Table 4
shows that, based on an oﬀset nitrate conversion degree of 60%, the
four catalysts examined can be divided into two groups on the basis of
their performance. That is to say, the catalyst samples with CNT sup-
ports having a higher proportion of lattice defects (Pd-Cu/CNTACo and
Pd-Cu/CNTMCo), show conversion levels up to 60%, while the catalysts
prepared on CNT supports having no lattice defects or only a small
proportion of lattice defects (Pd-Cu/CNTAMo and Pd-Cu/CNTMMo) show
substantially higher nitrate conversion, around 80% and above. The
Fig. 2. The XRD patterns of examined Pd-Cu catalysts.
Table 3
Changes in Raman quality indicators for the Pd-Cu/CNT catalysts examined,
upon Pd-Cu active phase introduction on the corresponding CNTs.
Sample
Raman indicator
changes
Pd-Cu/
CNTACo
Pd-Cu/
CNTMCo
Pd-Cu/
CNTAMo
Pd-Cu/
CNTMMo
ID/IG increase 0.10 0.11 0.32 0.05
I2D/IG decrease 0.05 0.05 0.12 0.02
I2D/ID decrease 0.07 0.07 0.13 0.05
Fig. 3. Raman spectra of Pd-Cu/CNTAMo catalyst.
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high activity of the former may be attributed to a beneﬁcial arrange-
ment in the Pd-Cu active phase, i.e. close contact between Pd and Cu, as
in an alloy. According to several authors, the presence of bimetallic Pd-
Cu entities is necessary for the ﬁrst step of the denitration reaction
(reduction of nitrate to nitrite), the two metals having distinct roles: Pd
being responsible for hydrogen chemisorption and its spillover to
copper, which in return reduces nitrate to nitrite [13,17,18]. The sub-
stantially higher activity found in this investigation in the case of both
samples showing either unordered (Pd-Cu/CNTAMo) or ordered (Pd-Cu/
CNTMMo) alloy, suggests that, although forming a composite, the Pd and
Cu did not lose their basic individual properties for the reaction. The
presence of the Pd-Cu alloy and its inﬂuence on catalyst activity have
been discussed in the literature as a possible double-sided eﬀect, having
a beneﬁcial aspect in terms of creating intimate contact between the Pd
and Cu, and a limiting one, related to the decrease in metal surface
causing the catalytic activity drop. The prevailing eﬀect mostly depends
on the catalyst reduction temperature, as well as the individual metal
loadings [36]. Therefore, the lower denitration activity of those Pd-Cu/
CNT catalysts originating from low quality CNT supports (Pd-Cu/
CNTACo and Pd-Cu/CNTMCo) is due to lack of Pd-Cu contact, which has
been triggered by the diﬀerent “sticking” abilities of these metals to
many of the defect sites on particular CNT surfaces. As a consequence,
the Pd crystallite is of considerable size and the Cu is too far away
(Table 1). In these circumstances the amount of H2 adsorbed by the Pd
and its availability to the Cu, due to diﬀusion constraints, have to be
considered. Thus, the size of the Pd crystallite, both as an individual
metal and in the alloy, appear to be of crucial importance for the
Fig. 4. Concentrations of a) nitrate; b) nitrite and c) ammonium ions as a function of reaction time during nitrate reduction in the presence of the examined Pd-Cu/
CNTs catalysts.
Table 4
Values for nitrate conversion - X(NO3―), TOF, and nitrite, nitrogen and am-
monium selectivities - S(NO2―), S(N2), S(NH4+) at the end of the reaction, for
the diﬀerent Pd-Cu/CNT catalysts.
Sample
t= 240min Pd-Cu/
CNTACo
Pd-Cu/
CNTMCo
Pd-Cu/
CNTAMo
Pd-Cu/
CNTMMo
X(NO3−) (%) 60.0 55.6 79.7 89.5
TOF (min−1) 0.55 0.54 1.04 0.76
S(NO2−) (%) 1.1 0.9 0 0
S(N2) (%) 59.9 66.7 82.3 55.8
S(NH4+) (%) 39.0 32.3 17.7 44.2
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catalyst activity, and this is a function of the defect site population on
the CNT support. Relatively high NO3― conversion in the case of the Pd-
Cu/CNTAMo catalyst sample (Table 4) shows that a suitable Cu position
is beneﬁcial for the reaction, although unproportional Pd and Cu
atomic distribution occurs, and the majority of the copper is probably
amorphous. However, the highest level of activity is found when the
particle size and Pd and Cu atom distribution are optimal, as in the Pd-
Cu/CNTMMo catalyst sample (Table 4).
These results are in line with the TOF values presented in Table 4.
The closeness of the TOF values obtained for the two high CNT-defect-
originated catalyst samples (Pd-Cu/CNTACo and Pd-Cu/CNTMCo) in-
dicate active sites with the same potential for nitrate conversion. In
contrast, in the catalyst samples originating from the CNTs with low
levels of disorder (Pd-Cu/CNTAMo and Pd-Cu/CNTMMo) the active sites
of the Pd-Cu/CNTAMo sample, showing the highest TOF activity, result
from unordered Pd-Cu alloy. As conﬁrmed by TEM and XRD, the con-
siderably higher particle size in this sample (Table 1) consists pre-
dominantly of high surface area palladium, only decorated with Cu
atoms on its surface, enabling superior H2 chemisorption and con-
sequent spillover. This active site model is sustained by the lower sur-
face energy of Cu relative to Pd [40], favoring Cu segregation on a Pd
surface. On the other hand, in the case of the Pd-Cu/CNTMMo sample,
characterised by smaller particles of ordered Pd-Cu alloy, both H2
chemisorption and spillover may be limited, due to the lack of a
minimum number of gathered Pd atoms and/or its diﬀerent electron
perimeter, i.e. assemble eﬀect and/or ligand eﬀect [41]. However, the
TOF values for all four samples presented in Table 4 are on the same
scale as TOF values for catalysts with the same Pd-Cu active phase
supported on active carbon, performing in the range 0.1–1.5min−1
depending on the catalyst preparation method [42].
A close look at Fig. 4 and Table 4 may encourage skepticism with
regard to the accepted mechanism of the denitration reaction. This is
because both Pd-Cu/CNT catalysts prepared on ordered CNT structures,
and displaying the highest levels of activity, show no traces of nitrite,
while their lower activity counterparts present another surprising fea-
ture, i.e. NO2― proﬁles untypical for the consecutive reaction. It seems
that these two extreme behaviors are due to the diﬀerent kinetics of the
two reaction steps occurring on the two groups of catalysts, which diﬀer
in many aspects of their active phase properties. The absence of NO2―
does not exclude the reaction route comprising NO3― reduction to
NO2― and such a case has been reported in the literature [29,42,43].
This can be explained by the second reaction step of NO2― reduction to
either N2 or NH3 being much faster than the ﬁrst reaction step of nitrate
to nitrite conversion. Likewise, the absence of NO2― in the proﬁle
maximum from Figure 4b, for the Pd-Cu/CNTACo and Pd-Cu/CNTMCo
samples, suggests the second reaction step is always slower. This is in
contrast to the expected kinetic rebound, which should happen because
of the gradual nitrate concentration decrease over time (Figure 4a), and
which should be followed by a takeover by the second reaction step. An
explanation for the atypical kinetics observed might be found in the
position of the Pd, which is the active phase for both second step re-
action pathways, relative to the Cu. The close Pd-Cu proximity (like that
of an alloy), in the Pd-Cu/CNTAMo and Pd-Cu/CNTMMo samples
(Table 1), enables the formation of NO2― and its instant reduction, at
the same particle, to either N2 or NH3. In contrast, diﬀusion constraints
limit NO2― movement from the place of formation to the next Pd
particle and make nitrite ions visible, as the ﬁrst reaction step product.
This is exactly what happened when the Pd-Cu/CNTACo and Pd-Cu/
CNTMCo catalyst samples were applied.
As seen from Table 4, the Pd-Cu/CNTMMo sample stands out as the
one with the highest undesired NH3 selectivity. The occurrence of an
alloy and its inﬂuence on the further course of the denitration reaction
has been noted in the literature. It is suggested that selectivity can
diﬀer, depending on alloy composition and atom arrangement
[35,44,45]. According to Salomé et al. [46], the existence of an alloy in
a Pd-Cu catalyst composition may be responsible for low selectivity to
nitrogen. However, results from the present investigation show the al-
loyed active phase as having the highest selectivity to N2 (Pd-Cu/
CNTAMo, Table 4), and demand a diﬀerent explanation. High undesired
selectivity to NH3 has been discussed in the literature in terms of Pd
facet dilution by Cu atoms, leading to an increment in the number of
isolated Pd atoms, which favor ammonia formation [36,47]. This is in
line with ﬁndings that individual small Pd particles, with active centers
prevailing on their edges and corners, are responsible for the deep
hydrogenation of nitrite ions and the creation of ammonium [47]. The
highest selectivity to NH3 in the case of the Pd-Cu/CNTMMo catalyst
sample is a classic example of structure sensitivity eﬀect, portrayed as a
reaction rate increase following a catalyst active phase particle size
downsizing – an “antipathetic reaction” [48,49]. That is to say, the
highlighted Pd-Cu/CNTMMo sample selectivity to ammonia is the result
of small Pd particles (7.3 nm, Table 1), and a higher percentage of Pd
atoms sitting on particle corners and edges than is the case with larger
Pd particles. Moreover, the sequence of catalyst selectivity to N2: Pd-
Cu/CNTMMo<Pd-Cu/CNTACo<Pd-Cu/CNTMCo< Pd-Cu/CNTAMo, fol-
lows the same sequence of increasing Pd particle size (nm) for the re-
lated catalysts: 7.3 < 12.8 < 13.4 < 17.6. The highest Pd-Cu/
CNTAMo selectivity to nitrogen might be additionally promoted by the
position of Cu atoms when they are incorporated into the Pd lattice. The
tendency of Cu atoms to be positioned primarily at low coordinated Pd
particles sites has been noted previously [50]. Large Pd particles that
are not favored for NH3 production per se, are additionally favored by
Cu blocking low coordinated Pd centers, i.e. the corners and edges re-
sponsible for NH3 formation [47], resulting in the advantageous se-
lectivity of the Pd-Cu/CNTAMo sample to nitrogen.
4. Conclusions
Four Pd-Cu/CNT denitration catalysts were synthesized by Pd-Cu
supporting on multiwalled carbon nanotubes (MWCNTs) of diﬀerent
structural quality, induced by their grown catalysts. The MWCNTs were
not chemically modiﬁed in terms of attaching additional functional
groups to their surface, and therefore might be considered as relatively
inert towards decoration by metal nanoparticles, with only low active
phase dispersion expected. However, diﬀerent levels of structural de-
fects in the MWCNTs was found to dictate the size and composition of
the Pd-Cu active phase. CNTs having high levels of structural defects
triggered the formation of bimetallic particles characterized by a
smaller Pd crystallite size and a distant Cu phase, with the Pd and Cu
too far apart for high nitrate to nitrite reduction activity. Further in-
creases in the structural quality of the CNTs, manifesting itself as fewer
structural defects, led to the formation of Pd-Cu alloys, which, re-
gardless of their diﬀerent structures, were characterized by optimal Pd
particle size and the necessary intimacy of Pd and Cu phases. Despite
both alloyed Pd-Cu compositions’ high activities, they diﬀer tre-
mendously in selectivity to nitrogen, due to diﬀerent particle sizes in
the free Pd phase. Thus the highest selectivity to NH3 was observed in
the sample with the ordered Pd-Cu alloy, which also had very small free
Pd particles, which were responsible for nitrite to ammonia reaction.
Both high denitration activity and selectivity to nitrogen were observed
in the case of the sample with the unordered Pd-Cu alloy, which had Pd
particles enriched by a very small number of Cu atoms positioned on
edges and corners. Such particle morphology additionally decreases the
number of active sites potentially responsible for the unwanted struc-
ture sensitive nitrite to ammonia reaction.
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